The Mbeya city and its surrounding regions (Rukwa, Katavi and Njombe) in south western Tanzania, fall among the fast growing economical regions in Tanzania. It is also unfortunately under potential for seismic risk due to its proximity to the western and eastern junction of the East African Rift (EAR) Valley. Construction of Community Earthquake Early Warning (CEEW) system model based on community owned MEMS accelerometer sensors in being proposed for the region. To optimize the warning time function and as the process of planning and designing the community-hosted seismic network, the paper presents the simulation of warning times that can be realized in this region based on the distribution of sensor stations in relation to the historical strong earthquakes and target sites. The distribution of sensor stations determines the detection and reporting time of the event, while location of earthquakes and position of target site determine the available warning time for the target to be protected. Testing the various sensor station configurations (regional, On-site and Hybrid) models of CEEWS by simulation of scenario earthquakes, the hybrid configuration that distributes sensor stations closer to the source and on target sites, was able to provide at least 5 seconds of warning times to various targets. This time has been demonstrated to be enough for shutting down hazardous industrial processes and for people to take cover at safer locations to reduce injuries.
Introduction
In the past few years, research and development of earthquake early warning (EEW) have shown significant potential for the mitigation of earthquake disasters [1] - [4] . Countries/areas such as US, Japan, Mexico, and Taiwan A. Manyele, A. Mwambela 136 have established practical EEW function that protect sensitive structures and provide warning of few seconds to tens of seconds when strong earthquakes are detected [1] - [4] .
Two types of EEW systems (regional and on-site) are mostly in operation around the world and in both systems, warning time is a critical factor to consider as all the public would like to be informed ahead of strong earthquake to save lives. The distribution of sensor network when combined with the reliable communication infrastructure and data processing speed of EEW systems sets the limit to the warning times that can be available to monitor targets before the strong ground motion arrives.
The CEEW system in this study is based on the community sensor deployment and is limited to cities or urban areas where power and internet connectivity is currently possible in the south-western Tanzania (SWTZ) zone. To guarantee some earthquake warning times for the target sites, distribution of sensor stations relative to the locations of historical strong earthquakes in the region, is being evaluated through simulation. That is, varying the positions of sensor stations across SWTZ region, the resulting warning time at each target site as well as the expected level of ground shaking is explored for establishment of CEEWS in SWTZ region.
General Seismicity of the SWTZ Region and Location of Target Sites

Seismicity of SWTZ Region
The SWTZ region is seismically active due to its proximity to the western and eastern junction of the East African Rift (EAR) Valley [5] - [8] . This fact is demonstrated by the occurrences of several earthquakes with varying magnitudes as detailed in Figure 1 that maps the earthquake recorded in the region between 1973 and May 2012.
From Figure 1 , the events that have been recorded in Tanzania for the period of 1973 to May 2012, using the United States Geological Survey (USGS) catalogue, are concentrated along the Lake Tanganyika, Lake Nyasa and in the North-Eastern zones, which is the location for the East African Rift (EAR) Valley system across Tanzania [1] .
Selected Target Sites
The South-Western Tanzania (SWTZ) extends from Njombe, including Mbeya city, Tunduma, Sumbawanga, Namanyere, Mpanda, and Kigoma townships. This region is part of seismically active region, the Western Rift Valley of Africa (WRA), a branch of East African Rift Valley system (EARS) where most recent strong earthquakes with some observable impacts to the communities have been observed [6] - [11] . The proposed CEEWS in this region aims at providing seismic protection to several urban settlements or population centers from earthquakes that may originate from the Lake Tanganyika and Lake Nyasa seismic sources. The Sumbawanga Township and Mbeya city are selected as major target sites in this study, and the other target sites considered for warning issuance whenever possible are Kyela, Njombe, Tunduma, Namanyere, Mpanda and Kigoma Townships. 
Scenario Earthquakes Selected for Simulation
The scenario earthquakes considered in this study for warning time simulation includes: magnitude 6.5 earthquake of October 2000; magnitude 6.8 earthquake of December 5, 2005 [11] . The Sumbawanga Township is at a distance of about 100 km from the nearest Lake Tanganyika 6.5 earthquake epicenter, while Mbeya city is situated at a distance of about 164 km from the Lake Nyasa earthquake epicenters. Other target points considered for warning issuance whenever possible are Kyela, Njombe, Tunduma, Namanyere, Mpanda and Kigoma townships. With respect to the magnitude 5.9 earthquake from Lake Nyasa, distances from the earthquake to Kyela, Njombe and Tunduma are 42 km, 155 km, and 138 km, respectively. Considering the Lake Tanganyika earthquake epicenter (magnitude 6.5), Namanyere, Mpanda and Kigoma towns are at the distances of 67 km, 187 km and 364 km, respectively. Table 1 shows the distances of all the target sites to the epicenters of the four scenario earthquakes used in the simulation. 
Sensor Station Configurations for Simulation
The community-hosted seismic sensor stations are positioned into regional, onsite, and hybrid configurations (see Figure 2 ) each at a time during simulation process. The regional earthquake warning method, positions at least five seismic sensors next to the seismic source, to rapidly detect an earthquake onset and contribute station observation data to estimate the earthquake source parameters. The onsite method, embed at least five sensor stations directly on the major target sites (Sumbawanga town and Mbeya city), so that during the earthquake occurrences the beginning of P-wave ground motion observed at these target sites can be used to predict the ensuring ground motion of S-waves at the same sites. For hybrid method, about 49 seismic sensor stations are proposed, where some sensors are embedded on the target sites and some sensors are installed near the seismic sources. Like the other two configurations, five sensor station data would be required to estimate earthquake source parameters.
In Figure 2 , yellow triangles are target sites and green triangles are sensor stations/arrays for recording earthquake ground motion across the region.
Methodology
To accomplish the objective of the research, examining the warning time that can be realized at target sites for various scenario earthquakes, while adopting different sensor station configurations (see Figure 2) , an algorithm for simulating the earthquake travel times across the region was developed for the study. This algorithm utilizes the event location, station location, target site position and the seismic waves travel velocities across the region to estimate the warning times at the target sites. The algorithm also, uses empirical peak ground acceleration (PGA) attenuation relationship across the region to predict earthquake ground shaking levels to be expected at each target sites. The earthquake simulations were performed using the four sensor positioning (Figure 2 ) and the four selected scenario earthquakes to estimate the achievable warning time at each target site. The optimal sensor positioning was to be the one that provides at least five seconds to major target sites for all scenario earthquakes.
Warning Time Estimation
To estimate warning times, P-and S-wave arrive times at different stations and target sites were measured for each simulation case. Assuming that the time needed for P-wave to reach sensor station and target site is p T , the time needed to process data and estimate earthquake source parameter pr T , the time for each sensor station to record sufficient P-wave data for earthquake parameter estimation process to be d T , and that five stations must trigger to reduce false alarm with time for waiting for five triggers to be ( Tr T ), Equations (1) is used to estimate time for reporting earthquake event. 
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That is, to calculate the warning time, times for P-wave triggers from the first five closest stations to the event, as well as the waiting time for triggers acquisition were added as data processing time. In this study the time for processing data pr T is assumes to be 10 seconds, while the time d T to record sufficient P-wave data at each site is assumed to be 4 seconds. The time p T depends on the distance from the event to recording point and the time Tr T depends on the sensor station separation distances. Then, warning time for each target site is estimated using Equation (2)
By simulating the four scenario earthquakes used in this study while alternating among the three proposed sensor network configurations, the measurements of seismic wave's arrival time and warning times at various target sites were measured for calculations of warning times.
PGA Predictions
Warnings are to be issued when the predicted PGA value at a station or target point exceeds the threshold value that is set at 0.001 g in this study. Thus, for each simulation case, the PGA values at each station and each target site were also predicted empirically using Equation (3). 
where PGA is peak ground acceleration, M is earthquake estimated magnitude, R is the epicentral distance and τ is the P-wave observing time.
Results and Discussion
Each simulation process simulated an individual scenario event recorded in the SWTZ zone at a time through three steps that starts with significant detection of P-waves PGA at one station, estimation of distances between station and targets/other stations, predicting the expected S-waves PGA and arrival times at other stations in the network, and finally the checking of the alarm decision criteria (trigger for five stations and PGA levels) for CEEWS.
Simulated Warning Times Results
When all the scenario earthquakes were simulated with the proposed sensor positioning, available target warning times variations across the region were plotted as shown in Figure 3 . According to Figure 3 , warning times for each sensor configuration increases with epicenter distances, but at varying rates. The Hybrid configuration show higher warning times at comparable epicentral distances, and the TZNet configuration shows the lowest warning times. The summary of the simulated warning times trends for the four sensor positioning and four scenario earthquakes are shown in Table 2 for the major target sites.
Using Table 2 , only the hybrid sensor configuration guarantees the five warning times to the target sites for all four scenario earthquakes. That is, the hybrid configuration satisfies the criteria for the design of CEEWS in this region and is therefore considered as an optimal configuration of sensor stations. 
PGA Variations across the Region
There is correlation between PGA values to the experienced damages, but not always absolute agreement since experiences and damage can be affected by many other factors, including the quality of earthquake engineering, type soil cover, as well as construction practices. Generally, PGA values of 0.001 g to 0.01 m/s² are perceptible by people, 0.02 g to 0.2 m/s² people lose their balance, and above 0.50 g are very high and only well-designed buildings can survive if the duration is short. For simplicity, in this study PGA values above 0.5 g are considered to cause severe ground shaking, PGA values between 0.5 g and 0.2 g are considered to cause strong ground shaking, PGA values below 0.2 g but above 0.01 are classified to cause weak ground shaking, and PGA values below 0.01 g are considered unfelt. The simulate PGA variations across the SWTZ region from the four scenario earthquakes considered in this study, are presented in Figure 4 .
From Figure 4 , all PGA curves simulate the decrease in PGA values as the distance from the event epicenter increase. Largest earthquake (magnitude 6.8) show large values of PGA at each grid point and attain PGA values than can be felt at larger distances. The decrease in PGA with distance for each case is large close to the epicenter and decrease as distance increases.
Considering PGA curve for magnitude 6.8 earthquakes, severe ground shaking is predicted to reach a distance of 160 km, strong shaking will be between 160 km and 360 km, weak ground shaking is between 360 km and 700 km, while the other areas will not feel the event.
Magnitude 6.5 earthquakes is simulated to cause severe ground shaking up to a distance of 110 km, strong ground shaking between 110 km and 230 km, weak ground shaking between 230 km and 480 km, while areas above 480 km from the epicenter will not feel the event. Magnitude 5.9 is simulated to cause severe ground shaking that reaches about 43 km, strong ground shaking between 43 km and 90 km, weak ground shaking between 90 km and 200 km, while above 200 km the event will not be felt.
Thus, when the Sumbawanga Townships is predicted to be in severe ground shaking from magnitude 6.5 earthquakes, people dwelling in this town will be warned with only five seconds to move to safe positions. When the same city is predicted to fall under strong ground shaking of magnitude 6.8 earthquakes, there will be 22 seconds of warning time before the start of strong ground shaking at their location. Due to its location, a minimum of 164 km from the considered earthquakes, Mbeya city is simulated with strong shaking from magnitude 6.8 with about 60 seconds of warning times.
Conclusion
EEW system can play an important role for earthquake hazard mitigation in Mbeya city and surrounding regions. The evaluation of warning capability in terms of warning time w T is essential for system design to reflect the "ideal" performance of an CEEW system. The hybrid sensor network configuration appears to offer reasonable warning time to mitigate seismic hazards and should be considered for implementation of CEEWS to improve seismological observations in the region and for an early-warning purpose.
